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, (2.30) δ0 , (2.35) (2.34)
ko cot (koa+ δ0) = ki cot (kia) (2.36)
(2.36) δ0
tan δ0 =
ko tan (kia)− ki tan (koa)
ki + ko tan (kia) tan (koa)
(2.37)
(2.30) δ0 π S = 0 δ0 π
, tan δ0 = 0 (2.37) 0 , ki ko
ko tan (kia)− ki tan (koa) = 0 (2.38)
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tan (kia)
tan (koa)
=
ki
ko
(2.39)
, S 0 kia, koa≪ 1 , tan kia ∼= kia, tan koa ∼= koa
, (2.39) , ki
√
2mV0/~ , V0 a ,
(2.39) , 0 0
,
,
, ,
, δ0 , nπ
, Bohr
2.1.3 1 Peierls
, 1 – , Peierls
2.1.3.1 Peierls
Q ω
,
,
,
,
14
, 1 1 T 1
Q ,
Q→ 2kF , T → 0 , Q = 2kF
, kF 1 Fermi 1 Peierls
[10] ,
, Peierls [11, 12]
Peierls , 1
, 1 1 , 1
a n n = 1/a , Fermi kF kF = 1/4·2π/a = 1/4·a∗
a∗ , 1 Brillouin
, n < 2/a
, Q, uQ
u
u = uQ cos (Qx) (2.40)
V
V = VQ cos (Qx)
= guQ cos (Qx) (2.41)
g –
, χQ, ρQ ρQ = −χQVQ
,
∂U ∂U
∂U =
1
2
c〈u〉2 (2.42)
15
, c ,
, –
, uQ ρQ ,
Q , k = Q/2
Eg Eg = 2 |VQ| = 2g |uQ| = 2∆
k = ±Q/2 , ,
Q = 2kF T = 0 ,
,
,
E±k =
1
2
{(
E0k + Ek+Q
0
)±√(E0k − Ek+Q0)2 + 4 |Vq|2
}
(2.43)
, E0k Ek+Q
0 , ±
∂K =
∑
k
E±k f
(
E±k
)−∑
k
E0kf
(
E0k
)
(2.44)
, ,
Fermi , E+k
, Fermi
ǫ , Fermi (2.44) 1 2
, E D(E) , E0k
∼= ~vF (k−kF )
16
∂K = D (EF )
∫ EF
0
(
ǫ−
√
ǫ+∆2
)
∂ǫ (2.45)
,
∂K =
D (EF )
2
[
E2F −
{
EF
√
E2F +∆
2 +∆2 log
EF +
√
E2F +∆
2
∆
}]
(2.46)
Eg = 2∆ , ∆≪ EF
∂K =
D (EF )
2
{
−∆
2
2
−∆2 log 2EF
∆
+O
(
∆
EF
)}
(2.47)
O Landau O− ,
∂K + ∂U = D (EF )
{
−∆
2
2
−∆2 log 2EF
∆
+
c
2g2D (EF )
∆2
}
(2.48)
∆ ,
Fermi , –
– Peierls
, 2kF Peierls
, Peierls , 1
2 , 2 2
, Pauli ,
,
2.1.4 2
, 2 2
17
2.1.4.1
, K.Ziegle
[13]
, T βT = 1/kBT
H, ω, t, Dirac ~, q, i ,
σµν [14]
q
i~
lim
α→0
∫ 0
−∞
exp [(iω + α)t] Tr ([exp (−βTH) , rµ] exp (−iHt) jν exp (iHt)) dt (2.49)
, rµ µ
jν = −iq [H, rν ]
k |k > ,
, H|k >= ǫk|k > ,
σµν = −iq
2
~
∑
k1,k2
< k1| [H, rµ] |k2 >< k2|rν |k1 > × fβ(ǫk2)− fβ(ǫk1)
ǫk1 − ǫk2 + ω − iα
(2.50)
, fβ(ǫ) = 1/(1 + e
−βT ǫ) Fermi , k1 k2 1 2
(2.50) < k2| [H, rν ] |k1 >= (ǫk2 − ǫk1) < k2|rν |k1 > Dirac
πδ(ǫk − ǫ) = limη→0 η/
[
(ǫk − ǫ)2 + η2
]
, ǫ, ǫ′
,
σµν = i
q2
~
∫∫
Tr {[H, rµ] δ(H − ǫ′) [H, rν ] δ(H − ǫ)}
× 1
ǫ− ǫ′ + ω − iα
fβ(ǫ
′)− fβ(ǫ)
ǫ− ǫ′ dǫdǫ
′ (2.51)
Green G(z) = (H − z)−1 Dirac
Green
G(z) [H, rµ]G(z
′) = rµG(z
′)−G(z)rµ +G(z)rµ(z − z′)G(z′)
18
,σµµ = i
q2
~
1
8π2
lim
η1,η2→0
∫∫ ∑
r,r′
(rµ − r′µ)2 ×
∑
s1,s2=±1
s1s2 [ǫ
′ − ǫ+ i(s1η1 − s2η2)]
× Trn [Grr′ (ǫ′ + is1η1)Gr′r (ǫ+ is2η2)]× fβ(ǫ
′)− fβ(ǫ)
ǫ− ǫ′ + ω − iαdǫdǫ
′ (2.52)
, Trn n , 2 Dirac
n = 2
[15, 16]
H = σ1h1 + σ2h2 (2.53)
σj(j = 1, 2, 3) Pauli k = (k1, k2) Fourier
Pauli
h1 = −t
3∑
j=1
cos(aj · k), h2 = −t
3∑
j=1
sin(aj · k)
, a1 = (−
√
3/2, 1/2), a2 = (0,−1), a3 = (
√
3/2, 1/2) ( )
H ek =
√
h21 + h
2
2 H = diag(ek,−ek)
Fourier −iq [H, rµ]→ q∂H/∂kµ
k = (±4π/3√3, 0), (2π/3√3,±2π/3), (−2π/3√3,±2π/3) 6 , ek
H
[H, rµ]12 [H, rµ]21 =
1
e2k
(
h2
∂h1
∂kµ
− h1∂h2
∂kµ
)2
(2.54)
9/4 2 k ,
d2k = Jdh1dh2 h1 h2 ,
19
J = 4/9 , ,
J(2π/3)ekdek = (8π/27)ekdek (0 ≤ ek ≤ λ)
, (2.51)
, (βT ∼ ∞) σµµ
−iq
2
h
12
27
∫ λ
0
{
[H, rµ]12 [H, rν ]21
2ek + ω − iα +
[H, rµ]21 [H, rν ]12
−2ek + ω − iα
}
dek
(2.54) ,
Re(σ22) =
q2
h
∫ λ
0
πδ(2ek − ω)dek = π
2
q2
h
(2.55)
(2.55) 2 1/2 K.Ziegle
σminxx = πq
2/h
,
[17, 18]
2.1.4.2 2
, Ginzburg–Landau (GL ) ,
[19] GL , ,
Ψ Efs
, , |Ψ|
, Ψ
Efs = Efn0 + α |Ψ|2 + 1
2
β |Ψ|4 (2.56)
20
Efs − Efn0 = α |Ψ|2 + 1
2
β |Ψ|4 (2.57)
, α, β , Efn0 Ψ
, Efs − Efn0 ,
∂
∂ |Ψ| (Efs − Efn0) = 2α |Ψ|+ 2β |Ψ|
3 (2.58)
,
|Ψ| = 0 (2.59)
|Ψ|2 = −α
β
(2.60)
Tc |Ψ| = 0( ), Tc |Ψ| ( )
, α, β
α (T ) = α′
(
T
Tc
− 1
)
, α′ > 0 (2.61)
β > 0 (2.62)
α′ α′ > 0
, Ginzburg–Landau F
Ψ , T , E ∆E
exp (−∆E/kBT )
, V , Ψ = T > Tc
(2.57) |Ψ| = 0
, ∆E = (Efs − Efn0)V ∝ kBT , |Ψ|2
,
α |Ψ|2 + 1
2
β |Ψ|4 ∝ kBT
V
(2.63)
21
Tc |Ψ|4 ,
|Ψ|2 ∝ kBT
V α
=
kBTTc
α′ (T − Tc)V (2.64)
T Tc , |Ψ| 6= 0 , Tc
,
Tc
2.2
,
, Si(Sb), 4H-SiC(N), 6H-Si(N),
(MWCNT), , YBa2Cu3O7−δ ,
, Si(Sb), 4H-SiC(N), 6H-Si(N) ,
, Bohr 1.9nm, 1.8nm, 2.6nm ,
0
MWCNT , CNT MWCNT
MWCNT 5nm , 1µm
, CNT 1
, 5 1.7nm
2 , YBa2Cu3O7−δ CuO2
, 1nm ,
2
,
22
2.2.1 0
0 ( ) (
) , ,
Si SiC
,
2.2.1.1 Si
, Si Si
,
Ge Si ,
Si
, 2.1 [20–26]
, Si Ge
[27, 28] 2.2 Si
[29–40]
LASER Si(P)
[41, 42]
, Si
[43, 44]
,
2.2.1.2 SiC
,
, SiC GaN
Si
23
2.1: Si
Si
28.1
1414◦C
( ) 1.12eV
11.7
( )( ) 0.140m2/Vs
( )( ) 0.045m2/Vs
2.2: Si
Si
P 45meV
As 54meV
Sb 43meV
B 45meV
Al 72meV
Ga 74meV
In 157meV
SiC
1980
, SiC , ,
,
SiC Si C , 200
, 4H, 6H 3C 4H
6H Si C ,
, 4H 6H , , Si
(Si-h) (Si-k) C (C-h)
(C-k)
, 2.3
[45]
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2.3: SiC
(Si C)
2H h 1 AB 2
3C k 1 ABC 3
4H h,k 2 ABAC 4
6H h,k1,k2 3 ABCACB 6
15R h1,k1,k2,h2,k3 5 ABCACBCABACABCB 15
2.4: SiC(N)
3C k 54.2meV
4H h 61.4meV
k 125.5meV
h 100meV
6H k1 155meV
k2 155meV
2.5: SiC(Al)
3C k 10meV
4H h 74meV
k 114meV
h 200meV
6H k1 250meV
k2 250meV
V III ,
,
2.4 2.5 [46–49] 25meV
, SiC SiC
,
SiC ,
, SiC
,
, 1018cm−3
[50] ,
, SiC ,
25
2.2.2 1
1 ( ),
2.2.2.1
(Carbon Nano–Tube; CNT) ,
(SWCNT),
(MWCNT)
CNT , 1991
TEM
[4] , (CVD)
CNT [51]
CNT , CVD
CNT
[52–56]
, SWCNT , ,
[57, 58]
, SWCNT 3 SWCNT
, T = T ∗(∼200K) -
[59] T > T ∗ SWCNT
, T T ∗ ,
, , , , Kondo effect
[60–63]
MWCNT MWCNT 0.02K
300K , MWCNT
[62, 64] MWCNT - [64]
CNT [65, 66]
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2.2.3 2
2 ( ) , 2
(graphene) YBa2Cu3O7−δ
2.2.3.1
(graphene) 2004 , 6 2010 Manchester
Andre Geim Konstantin Novoselov Nobel H.P.Boehm
1962 , H.P.Boehm
[67, 68]
, ,
, , ,
, sp2
2 , 1 [69]
0.142nm [70]
0.335nm [71]
, 2 2 Brillouin
6 , E-k P.R.Wallace
[72]
[73] , , 6
, 1/2 Dirac
[15, 74] Dirac ,
(graphinos) [75] , Brillouin 6 , Dirac
[15] , vF , 10
6m/s
27
, 1.5m2/Vs ,
Si 10
, [73] 10K–100K
,
[17, 76, 77]
, 1012 cm−2
, 20 m2/Vs [77, 78]
10−6 Ωcm ,
1.59× 10−6 Ωcm [77]
SiO2 , SiO2
, 4 m2/Vs
[77]
[79, 80]
,
[80] , 1012 cm−2
[80]
,
, 1/20 [79, 81]
2
,
(anyon)
[82–84]
, , ,
, [17, 69, 85–96]
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2.2.3.2 YBa2Cu3O7−δ
C.W.Chu 1987 (YBa2Cu3O7−δ) 90 K
[97] YBa2Cu3O7−δ 77K
, 1993
135 K [98]
YBa2Cu3O7−δ , CuO2
BCS Cooper ,
CuO2 2 Cooper
[99–102] , CuO2 2
, , Saint James de Gennes , 50
(Surface Super Conductivity; SSC) [103] ξ (T ) T
, SSC ξ (T )
[104–106]
, YBa2Cu3O7−δ ξ (0) 1.5nm , YBa2Cu3O7−δ SSC
II , 3
Hc1 , Hc1 Hc2 ,
, Hc2 Hc3 SSC Hc1, Hc2, Hc3 Tc1, Tc2, Tc3 3
, SSC 3 Hc3 =1.69Hc2 =2.392κHc1
, κ Ginzburg–Landau Meissner ,
Tc3 Tc3 ,
SSC [107–114]
SSC , Cooper
, 2
29
[1] R. Tsu and L. Esaki, Applied Physics Letters, Vol. 22, No. 11, pp. 562–564, 1973
[2] R. Kubo, Journal of the Physical Society of Japan, Vol. 17, No. 6, pp. 975–986, 1962
[3] H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, and R.E. Smalley, Nature, Vol. 318, No. 6042,
pp. 162–163, 1985
[4] S. Iijima, Nature, Vol. 354, No. 6348, pp. 56–58, Nov 1991
[5] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V. Grigorieva,
and A.A. Firsov, Science, Vol. 306, No. 5696, pp. 666–669, 2004
[6] N.B.D. phil., Philosophical Magazine Series 6, Vol. 26, No. 151, pp. 1–25, 1913
[7] C. Ramsauer, Annalen der Physik, Vol. 350, No. 24, pp. 1121–1159, 1914
[8] H. Faxe´n and J. Holtsmark, Vol. 45, pp. 307–324, 1927
[9] T.Y. Wu and T. Ohmura, Quantum Theory of Scattering, Dover Publications; Dover, 2011
[10] R.E. Peierls, Quantum Theory of Solids, Oxford: Clarendon Press, 1955
[11] T.E. Phillips, T.J. Kistenmacher, J.P. Ferraris, and D.O. Cowan, Journal of the Chemical Soci-
ety, Chemical Communications, pp. 471–472, 1973
[12] T.J. Kistenmacher, T.E. Phillips, and D.O. Cowan, Acta Crystallographica Section B, Vol. 30,
No. 3, pp. 763–768, Mar 1974
[13] K. Ziegler, Phys. Rev. Lett., Vol. 97, p. 266802, Dec 2006
[14] O. Madelung, Introduction to Solid-State Theory, Springer-Verlag Berlin Heidelberg, 1978
[15] G.W. Semenoff, Physical Review Letters, Vol. 53, pp. 2449–2452, Dec 1984
[16] F.D.M. Haldane, Phys. Rev. Lett., Vol. 61, pp. 2015–2018, Oct 1988
[17] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, M.I. Katsnelson, I.V. Grigorieva, S.V.
Dubonos, and A.A. Firsov, Nature, Vol. 438, No. 7065, pp. 197–200, Nov 2005
[18] Katsnelson, M. I., Eur. Phys. J. B, Vol. 52, No. 2, pp. 151–153, 2006
30
[19] V.L. Ginzburg and L.D. Landau, Zh. Eksp. Teor. Fiz., Vol. 20, pp. 1064–1082, 1950
[20] C. Canali, C. Jacoboni, F. Nava, G. Ottaviani, and A. Alberigi-Quaranta, Physical Review B,
Vol. 12, pp. 2265–2284, Sep 1975
[21] P. Norton, T. Braggins, and H. Levinstein, Physical Review B, Vol. 8, pp. 5632–5653, Dec 1973
[22] F.J. Morin and J.P. Maita, Physical Review, Vol. 96, pp. 28–35, Oct 1954
[23] G. Ottaviani, L. Reggiani, C. Canali, F. Nava, and A. Alberigi-Quaranta, Physical Review B,
Vol. 12, pp. 3318–3329, Oct 1975
[24] R.A. Logan and A.J. Peters, Journal of Applied Physics, Vol. 31, No. 1, pp. 122–124, 1960
[25] D.R. Lide, CRC Handbook of Chemistry and Physics, 85th Edition, CRC Press, Jun 2005
[26] M.E. Wieser and T.B. Coplen, Pure and Applied Chemistry, Vol. 83, No. 2, pp. 359–396, 12
2010
[27] J.H. Reuszer and P. Fisher, Physical Review, Vol. 135, pp. A1125–A1132, Aug 1964
[28] R.L. Aggarwal and A.K. Ramdas, Physical Review, Vol. 140, pp. A1246–A1253, Nov 1965
[29] C. Jacoboni, C. Canali, G. Ottaviani, and A.A. Quaranta, Solid-State Electronics, Vol. 20, No. 2,
pp. 77 – 89, 1977
[30] H. Hara and Y. Nishi, Journal of the Physical Society of Japan, Vol. 21, No. 6, pp. 1222–1222,
1966
[31] G.E. Jellison and F.A. Modine, Applied Physics Letters, Vol. 41, No. 2, pp. 180–182, 1982
[32] I.G. Kirnas, P.M. Kurilo, P.G. Litovchenko, V.S. Lutsyak, and V.M. Nitsovich, Physica Status
Solidi (a), Vol. 23, No. 2, pp. K123–K127, 1974
[33] J. Lin, S. Li, L. Linares, and K. Teng, Solid-State Electronics, Vol. 24, No. 9, pp. 827 – 833,
1981
[34] G. Macfarlane, T. McLean, J. Quarrington, and V. Roberts, Journal of Physics and Chemistry
of Solids, Vol. 8, pp. 388 – 392, 1959
[35] W. Maes, K.D. Meyer, and R.V. Overstraeten, Solid-State Electronics, Vol. 33, No. 6, pp. 705 –
718, 1990
31
[36] H.R. Philipp and E.A. Taft, Physical Review, Vol. 120, pp. 37–38, Oct 1960
[37] D. Schroder, R. Thomas, and J. Swartz, Electron Devices, IEEE Transactions on, Vol. 25, No. 2,
pp. 254–261, Feb 1978
[38] W. Spitzer and H.Y. Fan, Physical Review, Vol. 108, pp. 268–271, Oct 1957
[39] R. Tubino, L. Piseri, and G. Zerbi, The Journal of Chemical Physics, Vol. 56, No. 3, pp. 1022–
1039, 1972
[40] R.J.V. Overstraeten and R.P. Mertens, Solid-State Electronics, Vol. 30, No. 11, pp. 1077 – 1087,
1987
[41] S.G. Pavlov, R.K. Zhukavin, E.E. Orlova, V.N. Shastin, A.V. Kirsanov, H.W. Hu¨bers, K. Auen,
and H. Riemann, Physical Review Letters, Vol. 84, pp. 5220–5223, May 2000
[42] S.G. Pavlov, R. Eichholz, N.V. Abrosimov, B. Redlich, and H.W. Hu¨bers, Applied Physics
Letters, Vol. 98, No. 6, p. 061102, 2011
[43] B.E. Kane, Nature, Vol. 393, No. 6681, pp. 133–137, May 1998
[44] J.L. O’Brien, S.R. Schofield, M.Y. Simmons, R.G. Clark, A.S. Dzurak, N.J. Curson, B.E. Kane,
N.S. McAlpine, M.E. Hawley, and G.W. Brown, Physical Review B, Vol. 64, p. 161401, Sep 2001
[45] W.J. Choyke and L. Patrick, Physical Review, Vol. 127, pp. 1868–1877, Sep 1962
[46] N. Son, J. Isoya, T. Umeda, I. Ivanov, A. Henry, T. Ohshima, and E. Janze´n, Applied Magnetic
Resonance, Vol. 39, No. 1-2, pp. 49–85, 2010
[47] A. Fukumoto, Physica Status Solidi (b), Vol. 202, No. 1, pp. 125–135, 1997
[48] M. Miyata, S. Hattori, and Y. Hayafuji, Japanese Journal of Applied Physics, Vol. 48, No. 4R,
p. 041301, 2009
[49] C. Raynaud, C. Richier, P. Brounkov, F. Ducroquet, G. Guillot, L. Porter, R. Davis, C. Jaussaud,
and T. Billon, Materials Science and Engineering: B, Vol. 29, No. 1 – 3, pp. 122 – 125, 1995
[50] J. Gimbert, T. Billon, T. Ouisse, J. Grisolia, G. Ben-Assayag, and C. Jaussaud, Materials
Science and Engineering: B, Vol. 61 – 62, pp. 368 – 372, 1999
[51] M. Endo, K. Takeuchi, S. Igarashi, K. Kobori, M. Shiraishi, and H.W. Kroto, Journal of Physics
and Chemistry of Solids, Vol. 54, No. 12, pp. 1841 – 1848, 1993
32
[52] S. Salahuddin, M. Lundstrom, and S. Datta, Electron Devices, IEEE Transactions on, Vol. 52,
No. 8, pp. 1734–1742, Aug 2005
[53] W. Steinho¨gl, G. Schindler, G. Steinlesberger, M. Traving, and M. Engelhardt, Journal of
Applied Physics, Vol. 97, No. 2, p. 023706, 2005
[54] S. Rosenblatt, Y. Yaish, J. Park, J. Gore, V. Sazonova, and P.L. McEuen, Nano Letters, Vol. 2,
No. 8, pp. 869–872, 2002
[55] P.J. Burke, C. Rutherglen, and Z. Yu, International Journal of High Speed Electronics and
Systems, Vol. 16, No. 04, pp. 977–999, 2006
[56] S. Rosenblatt, H. Lin, V. Sazonova, S. Tiwari, and P.L. McEuen, Applied Physics Letters, Vol. 87,
No. 15, p. 153111, 2005
[57] N. Hamada, S.i. Sawada, and A. Oshiyama, Physical Review Letters, Vol. 68, pp. 1579–1581,
Mar 1992
[58] J.W. Mintmire, B.I. Dunlap, and C.T. White, Physical Review Letters, Vol. 68, pp. 631–634,
Feb 1992
[59] A.B. Kaiser, G. Du¨sberg, and S. Roth, Physical Review B, Vol. 57, pp. 1418–1421, Jan 1998
[60] H. Dai, E.W. Wong, and C.M. Lieber, Science, Vol. 272, No. 5261, pp. 523–526, 1996
[61] A.N. Andriotis, M. Menon, and G.E. Froudakis, Physical Review B, Vol. 61, pp. R13393–R13396,
May 2000
[62] L. Langer, V. Bayot, E. Grivei, J.P. Issi, J.P. Heremans, C.H. Olk, L. Stockman, C. Van Hae-
sendonck, and Y. Bruynseraede, Physical Review Letters, Vol. 76, pp. 479–482, Jan 1996
[63] L. Grigorian, G.U. Sumanasekera, A.L. Loper, S.L. Fang, J.L. Allen, and P.C. Eklund, Physical
Review B, Vol. 60, pp. R11309–R11312, Oct 1999
[64] W.A. deHeer, W.S. Bacsa, A. Chaˆtelain, T. Gerfin, R. Humphrey-Baker, L. Forro, and
D. Ugarte, Science, Vol. 268, No. 5212, pp. 845–847, 1995
[65] E. Frackowiak, S. Gautier, H. Gaucher, S. Bonnamy, and F. Beguin, Carbon, Vol. 37, No. 1, pp.
61 – 69, 1999
33
[66] B. Gao, A. Kleinhammes, X. Tang, C. Bower, L. Fleming, Y. Wu, and O. Zhou, Chemical
Physics Letters, Vol. 307, No. 3 – 4, pp. 153 – 157, 1999
[67] H.P. Boehm, A. Clauss, G.O. Fischer, and U. Hofmann, Zeitschrift Fu¨r Anorganische Und
Allgemeine Chemie, Vol. 316, No. 3-4, pp. 119–127, 1962
[68] H. Boehm, R. Setton, and E. Stumpp, Pure and Applied Chemistry, Vol. 66, No. 9, pp. 1893–
1901, 1994
[69] A.K. Geim and K.S. Novoselov, Nature Materials, Vol. 6, No. 3, pp. 183–191, Mar 2007
[70] R. Heyrovska, Atomic Structures of Graphene, Benzene and Methane with Bond Lengths as Sums
of the Single, Double and Resonance Bond Radii of Carbon, http://arxiv.org/abs/0804.4086, Apr
2008
[71] Z.H. Ni, H.M. Wang, J. Kasim, H.M. Fan, T. Yu, Y.H. Wu, Y.P. Feng, and Z.X. Shen, Nano
Letters, Vol. 7, No. 9, pp. 2758–2763, 2007
[72] P.R. Wallace, Physical Review, Vol. 71, pp. 622–634, May 1947
[73] J.C. Charlier, P. Eklund, J. Zhu, and A. Ferrari, Electron and Phonon Properties of Graphene:
Their Relationship with Carbon Nanotubes, In A. Jorio, G. Dresselhaus, and M. Dresselhaus,
editors, Carbon Nanotubes, Vol. 111 of Topics in Applied Physics, pp. 673–709. Springer Berlin
Heidelberg, 2008
[74] Z. Avouris, Phaedon amd Chen and V. Perebeinos, Nature Nanotechnology, Vol. 2, pp. 605–615,
Oct 2007
[75] S. Herna´ndez-Ort´ız, G. Murgu´ıa, and A. Raya, Journal of Physics: Condensed Matter, Vol. 24,
No. 1, p. 015304, 2012
[76] S.V. Morozov, K.S. Novoselov, M.I. Katsnelson, F. Schedin, D.C. Elias, J.A. Jaszczak, and A.K.
Geim, Physical Review Letters, Vol. 100, p. 016602, Jan 2008
[77] J.H. Chen, C. Jang, S. Xiao, M. Ishigami, and M.S. Fuhrer, Nature Nanotechnology, Vol. 3,
No. 4, pp. 206–209, Apr 2008
[78] A. Akturk and N. Goldsman, Journal of Applied Physics, Vol. 103, No. 5, p. 053702, 2008
34
[79] J.H. Chen, C. Jang, S. Adam, M.S. Fuhrer, E.D. Williams, and M. Ishigami, Nature Physics,
Vol. 4, No. 5, pp. 377–381, May 2008
[80] F. Schedin, A.K. Geim, S.V. Morozov, E.W. Hill, P. Blake, M.I. Katsnelson, and K.S. Novoselov,
Nature Materials, Vol. 6, No. 9, pp. 652–655, Sep 2007
[81] S. Adam, E.H. Hwang, V.M. Galitski, and S. Das Sarma, Proceedings of the National Academy
of Sciences, Vol. 104, No. 47, pp. 18392–18397, 2007
[82] H. Steinberg, G. Barak, A. Yacoby, L.N. Pfeiffer, K.W. West, B.I. Halperin, and K. Le Hur,
Nature Physics, Vol. 4, No. 2, pp. 116–119, Feb 2008
[83] J.K. Pachos, Contemporary Physics, Vol. 50, No. 2, pp. 375–389, 2009
[84] M. Franz, Fractionalization of Charge and Statistics in Graphene and Related Structures,
http://www.int.washington.edu/talks/WorkShops/int 08 37W/People/Franz M/Franz.pdf,
Jan 2008
[85] A.B. Kuzmenko, E. v Heumen, F. Carbone, and D. vd Marel, Physical Review Letters, Vol. 100,
p. 117401, Mar 2008
[86] R.R. Nair, P. Blake, A.N. Grigorenko, K.S. Novoselov, T.J. Booth, T. Stauber, N.M.R. Peres,
and A.K. Geim, Science, Vol. 320, No. 5881, p. 1308, 2008
[87] Y. Zhang, T.T. Tang, C. Girit, Z. Hao, M.C. Martin, A. Zettl, M.F. Crommie, Y.R. Shen, and
F. Wang, Nature, Vol. 459, No. 7248, pp. 820–823, Jun 2009
[88] J. Liu, A.R. Wright, C. Zhang, and Z. Ma, Applied Physics Letters, Vol. 93, No. 4, p. 041106,
2008
[89] Y. Miao, B. Liu, K. Zhang, Y. Liu, and H. Zhang, Applied Physics Letters, Vol. 98, No. 2, p.
021103, 2011
[90] H. Zhang, D.Y. Tang, L.M. Zhao, Q.L. Bao, and K.P. Loh, Optics Express, Vol. 17, No. 20, pp.
17630–17635, Sep 2009
[91] H. Zhang, Q. Bao, D. Tang, L. Zhao, and K. Loh, Applied Physics Letters, Vol. 95, No. 14, p.
141103, 2009
35
[92] H. Zhang, S. Virally, Q. Bao, L.K. Ping, S. Massar, N. Godbout, and P. Kockaert, Optics Letters,
Vol. 37, No. 11, pp. 1856–1858, Jun 2012
[93] S. Chen, Q. Wu, C. Mishra, J. Kang, H. Zhang, K. Cho, W. Cai, A.A. Balandin, and R.S. Ruoff,
Nature Materials, Vol. 11, No. 3, pp. 203–207, Mar 2012
[94] Q. Liang, X. Yao, W. Wang, Y. Liu, and C.P. Wong, ACS Nano, Vol. 5, No. 3, pp. 2392–2401,
2011
[95] K. Saito, J. Nakamura, and A. Natori, Physical Review B, Vol. 76, p. 115409, Sep 2007
[96] C. Lee, X. Wei, J.W. Kysar, and J. Hone, Science, Vol. 321, No. 5887, pp. 385–388, 2008
[97] M.K. Wu, J.R. Ashburn, C.J. Torng, P.H. Hor, R.L. Meng, L. Gao, Z.J. Huang, Y.Q. Wang,
and C.W. Chu, Physical Review Letters, Vol. 58, pp. 908–910, Mar 1987
[98] A. Schilling, M. Cantoni, J.D. Guo, and H.R. Ott, Nature, Vol. 363, No. 6424, pp. 56–58, May
1993
[99] F.C. Zhang and T.M. Rice, Physical Review B, Vol. 37, pp. 3759–3761, Mar 1988
[100] , , Vol. 59, No. 11, pp. 796–801, 2004
[101] T. Tohyama and S. Maekawa, Physical Review B, Vol. 49, pp. 3596–3599, Feb 1994
[102] D. Scalapino, Physics Reports, Vol. 250, No. 6, pp. 329 – 365, 1995
[103] D. Saint-James and P. Gennes, Physics Letters, Vol. 7, No. 5, pp. 306 – 308, 1963
[104] D. Saint-James, Physics Letters, Vol. 16, No. 3, pp. 218 – 220, 1965
[105] H.J. Fink, Physical Review, Vol. 177, pp. 1017–1018, Jan 1969
[106] H. Schultens, Zeitschrift fu¨r Physik, Vol. 232, No. 5, pp. 430–438, 1970
[107] M. Strongin, A. Paskin, D.G. Schweitzer, O.F. Kammerer, and P.P. Craig, Physical Review
Letters, Vol. 12, pp. 442–444, Apr 1964
[108] W. Silvert, Physical Review Letters, Vol. 14, pp. 951–952, Jun 1965
[109] C.R. Hu and V. Korenman, Physical Review, Vol. 178, pp. 684–695, Feb 1969
36
[110] T. Giamarchi, M.T. Be´al-Monod, and O.T. Valls, Physical Review B, Vol. 41, pp. 11033–11046,
Jun 1990
[111] V.A. Schweigert and F.M. Peeters, Physical Review B, Vol. 60, pp. 3084–3087, Aug 1999
[112] V. Barzykin and L.P. Gor’kov, Physical Review Letters, Vol. 89, p. 227002, Nov 2002
[113] A. Rydh, U. Welp, J.M. Hiller, A.E. Koshelev, W.K. Kwok, G.W. Crabtree, K.H.P. Kim, K.H.
Kim, C.U. Jung, H.S. Lee, B. Kang, and S.I. Lee, Physical Review B, Vol. 68, p. 172502, Nov
2003
[114] M.I. Tsindlekht, G.I. Leviev, V.M. Genkin, I. Felner, Y.B. Paderno, and V.B. Filippov, Physical
Review B, Vol. 73, p. 104507, Mar 2006
37
33.1
, ,
(Surface Acoustic Wave, SAW) ,
SAW ,
, SAW
SAW , SAW
, ,
,
3.2
(SAW) , SAW
, 2
1885 Rayleigh [1]
, SAW Rayleigh Rayleigh
,
, , Love SAW
[2]
38
, , , ,
, Rayleigh ,
vs vs ∝
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IDT λs dp
λs = 2dp (3.1)
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, λs fs , dp
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3.1: SAW IDT
3.3
, [4, 5]
H.Fritzsche air gap Vae Iae ,
[4] , , ,
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3.2:
3.3.1
, 3.2 , d,
σs, ǫs Rayleigh
hs Rayleigh , LiNbO3
4000m/s vs , Rayleigh
E
E = −∇φ (3.3)
J
J = σsE −D∇n (3.4)
, D , n ,
,
∂n
∂t
+∇ · J = 0 (3.5)
, (3.4) σsE
Ez = E0 exp [i (ωt− kz)] ,
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dEz
dz
= − n
ǫsǫ0
(3.6)
n = −ikǫsE , (3.4)
Jz =
(
σs + k
2ǫsǫ0D
)
Ez (3.7)
σs ≫ k2ǫsǫ0D (3.8)
, 50MHz Si k = 330cm−1
, (3.8) 3.9 10−8 Ω−1cm−1 ,
φ Laplace
∇
2φ = 0 (3.9)
, ,
, (3.4)
,
3.3.2
3.2 , z (traveling) , x
, (3.9) ,
φs = φ0 {A cosh [k (y − hs)]−B sinh [k (y − hs)]} exp [i (ωt− kz)] (3.10)
42
φ0 ,
φ = φ0 exp [i (ωt− kz)] (3.11)
φ0 Rayleigh PR
(3.10) A B
(kd ≫ 1), 2 ,
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, , , ,
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1− i σs
ǫsǫ0ω
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(3.23)
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C = 1 (3.24)
A∞ = cosh (khs)−D sinh (khs) (3.25)
ǫ∗A∞ = D cosh (khs)− sinh (khs) (3.26)
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−1 (3.27)
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3.9: air gap
,
, SAW
, SAW
, SAW
, air gap , SAW
, SAW , SAW
SAW , ,
, SAW
, air gap , SAW
, ,
, air gap
SAW SAW ,
,
C60, C70 ,
[7–10]
, 3.9 , air gap
52
SAW , SAW
, , ,
[10–12]
3.5
3.5.1
,
, ,
, ,
,
,
, ,
• (Electron Paramagnetic Resonance)
, Zeeman
, Zeeman ,
(NMR) , NMR
, NMR
,
(hyperfine interactions) ,
,
[13, 14] SiC , [15, 16]
53
• (Electron Nuclear DOuble Resonance)
EPR ,
EPR [17, 18]
EPR NMR
EPR , NMR
[19] ENDOR, EPR , SiC
29Si 13C ,
• (Infrared Absorption)
,
,
, , (far-infrared absorption
measurement) [20, 21]
, SiC Zeeman
[22] [23]
• Raman (Raman Scattering)
,
Rayleigh ,
Raman
Raman Raman
, [24, 25]
, Raman , , ,
,
54
• (Photo Luminescence)
,
,
,
,
, ,
,
[26]
• Hall (Hall Effect)
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4.1 0
0
, 4.1
Si Si(Sb), SiC 4H-SiC(N) 6H-SiC(N)
, 300K
4.1: Si(Sb), 4H-SiC(N), 6H-SiC(N)
Ωcm cm−3 mm2 µm
Si(Sb) Si Sb 12− 18 ∼ 2× 1015 10× 10 500 (100)
4H-SiC(N) SiC N 0.01− 0.03 ∼ 1× 1019 10× 10 500 < 0001 > Si
6H-SiC(N) SiC N 0.05− 0.10 ∼ 5× 1018 10× 10 500 < 0001 > Si
4.1 , Si Si(Sb) SiC 4H-SiC(N)
6H-SiC(N) ∼ 103 ∼ 104 , Si
SiC
4.2 Si
4.1 Si(Sb) Si(Sb) Czochral-
ski , 4.2 ,
4.3 , ,
450K 1
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4.2: Si(Sb)
( )
SIGNAL GENERATOR SML01 (ROHDE&SCHWARZ)
Model 331S (LakeShore)
WaveSurfer 452 (LeCroy )
RH500 (TAKASAGO)
Cryo Mini Compressor CA201 ( )
Cryo Mini D105 ( )
G50D (SINKU KIKO)
RV12 (EDWORDS)
4.3: Si(Sb)
Si(Sb)
2.0× 10−5Pa
10K–300K
1K
50MHz, 200MHz
30V
5µm
4.1: Si(Sb)
( , 50MHz, Φ0 =0.20V)
Si(Sb) , 4.3
SAW 50MHz Φ0=0.20V (
) 4.1 [A.U.],
T [K] 1/kBT [(1/meV)]
T x Arrhenius , 42.7meV,
32.7meV, 29.9meV , Si
Sb 1s A1=42.7meV, 1s T2=32.9meV, 1s E=30.6meV [1]
4.4
, SAW 50MHz Φ0=0.20V
4.2
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4.4: Si(Sb) (50MHz)
E1 42.7meV 42.7meV 1s (A1)
E2 32.7meV 32.9meV 1s (T2)
E3 29.9meV 30.6meV 1s (E)
4.2: Si(Sb)
( , 50MHz, Φ0 =0.20V)
4.3: Si(Sb)
(200MHz, Φ0 =0.77V, 0.31V, 0.12V)
(3.35) , ,
200MHz(≫50MHz) Φ0=0.77V, 0.31V, 0.12V
4.3 50MHz
0.1(1/meV) 0.25(1/meV) ,
0.1(1/meV) α ,
, Φ0
T
3
2 4
42.5meV, 32.5meV, 29.5meV, 12.3meV Si Sb
1s A1=42.7meV, 1s T2=32.9meV, 1s E=30.6meV, 2p
0=11.5meV [1]
4.5
4.4 Φ0 Φ0
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4.5: Si(Sb) (200MHz)
E1 42.5meV 42.7meV 1s (A1)
E2 32.5meV 32.9meV 1s (T2)
E3 29.5meV 30.6meV 1s (E)
E4 12.3meV 11.5meV 2p
0
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4.4: Si(Sb)
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4.5: Si(Sb)
(200MHz)
200MHz 4.5
0.06(1/meV) 0.12(1/meV)
,
, Sb ,
, Sb , Si
SAW Φ0
4.6 Φ0 ,
,
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,, α
∆T Φ0 4.7
∆T 60K 0.6V 0.6V
Φ0 4.4 ∆T
Si ,
Φ0=0.77V Si 50MHz 96V/cm, 200MHz 380V/cm
4.6: Si(Sb)
( , 200MHz)
4.7: Si(Sb) α
(200MHz)
,
Si
n Si , ,
,
µ ∝ T 32
, ,
, [2]
, Si
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(3.31)– (3.35) ,
Joule
exp (−Ea/kBT ) , T−x(ω) ,
Joule
, , ,
,
,
Si Sb
SAW
SAW , Si (3.31)– (3.35)
, Joule SAW 2 4.1
4.3 , Joule
, (3.31)– (3.35) Joule DC
, Joule p σ nT−
3
2 ,
, Joule σµ2ω2 nT−
9
2 ,
, 1/kBT
T−
9
2 , , 1/kBT (1/kBT )
3
, Si Sb ,
50MHz 200MHz
n , p Si
10MHz , Si 10MHz
, [3]
, 50MHz 200MHz Si
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50MHz , 200K
200MHz 4.2K 200K 200MHz
Bohr , Si Sb
(2.12) (2.12) En ǫrǫ0 ,
, 50MHz ,
200K , 4.2
, 200MHz , 4.3– 4.6
, ,
,
, 200MHz Si
4.5 , 193K(0.06(1/meV))
, 25K(0.45(1/meV))
ǫrǫ0 50MHz ,
200MHz , 25K 200K
Si
Si
Si
,
( ) 4.5
, , 19.1meV
, 116K(0.10(1/meV))
[1]
, ,
300K ,
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Si ,
, Sb 4.7
, 0.6V
, IDT
, Φ0 96V/cm 50MHz
Φ0 380V/cm 200MHz
, ∆T , ,
α ( 4.1) 50MHz 290K(0.04(1/meV))
200MHz α ( 4.3) 116K(0.10(1/meV)),
193K(0.06(1/meV))
α Si
, n Si ,
, ,
, 1019cm−3 320K, 1018cm−3
270K, 1016cm−3 100K
,
4.5 , α 193K
, 193K
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4.3 SiC
4H-SiC(N) 6H-SiC(N) Si(Sb)
(> 1017cm−3) , Si(Sb) , Si(Sb)
4.8 4H-SiC(N) SEM SEM ,
4.9 5◦ 85◦ 4H-SiC(N) X X
4H-SiC , standard map 35.608◦
(0004) 4.9 ,
74.8000◦ (0008)
4H-SiC , ( ) ,
, SiC
4.8: 4H-SiC(N) SEM (3000 )
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4.9: 4H-SiC(N) X
, 4.10
400nm , 464nm 550nm
450nm–700nm
(JASCO Manager version.2) ,
3.27eV CREE 3.26eV
464nm 550nm 2.67eV 2.25eV N
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4H-SiC [4, 5] 2.67eV
4H-SiC p
N 4H-SiC B [6] 2.67eV
– (donor–acceptor pair transition) B
,
N 0.125eV , B
(Bc) 0.200eV, (Bh) 0.647eV [7, 8] , N-Bh
2.95eV, N-Bc 2.50eV
2.67eV 2.25eV
, SiC
[9] ,
, N
, 464nm(2.67eV) 550nm(2.25eV)
, , ,
(split interstitial) ,
[4, 10]
4.10: 4H-SiC(N)
4H-SiC(N) 6H-SiC(N) , 4.6 , 4.7
4.11– 4.17 ,
[A.U.], T [K] 1/kBT [(1/meV)]
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4.6: 4H-SiC(N) 6H-SiC(N)
( )
8144A (HEWLETT PACKARD)
LTC20C (CONDUCTUS)
54610B (HEWLETT PACKARD)
ARH500 (TAKASAGO)
SW301-KSN ( )
Cryo Mini D105 ( )
PT-150 ( )
RV12 (EDWORDS)
4.7: 4H-SiC(N) 6H-SiC(N)
4H-SiC(N) 6H-SiC(N)
20K- 420K
1K
50MHz
10V, 20V, 30V, 40V
5µm
10V,20V,30V,40V 4H-SiC(N)
, Vout/Vin 4.11
4.11: 4H-SiC(N)
( )
4.12: 4H-SiC(N)
( )
, 1/kBT = 0.09(1/meV) 1.30(1/meV)
,
,
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freeze–out 2
, 10V, 20V, 30V, 40V ,
4H-SiC(N) 4.12 1/kBT =
1.30meV , ,
, 30V
4.13 ,
, 4H-SiC(N)
Bohr
(3.35) 4H-SiC(N)
N , (3.35) x
, 4H-SiC(N) , , ,
, 4H-SiC(N)
4.13: 4H-SiC(N) ( , 30V)
10V,20V,30V,40V 6H-SiC(N) ,
Vout/Vin 4.14 , 10V,
20V, 30V, 40V , 6H-SiC(N)
4.15
4.14 4.15 1/kBT < 0.05(1/meV) 1/kBT ∼
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0.07(1/meV) ,
4.16 4.17
4.14: 6H-SiC(N)
( )
4.15: 6H-SiC(N)
( )
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4.16: 6H-SiC(N)
( , )
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40V
3	
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1
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4.17: 6H-SiC(N)
( , )
4.14– 4.17 4H-SiC(N) , 4H-SiC(N)
1/kBT < 0.05(1/meV) , 0.05(1/meV)< 1/kBT < 0.15(1/meV)
, 4H-SiC(N) 6H-SiC(N) 4H-SiC(N)
6H-SiC(N) 1/kBT ∼
0.07(1/meV) ,
6H-SiC(N) 4H-SiC(N) ,
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,4H-SiC(N) , 4H-SiC(N) 6H-SiC(N)
4.11– 4.17 ,
SiC 4H-SiC ∼ 1× 1019cm−3, 6H-SiC ∼ 5× 1018cm−3
1017cm−3
4H-SiC 6H-SiC N
N 4H-SiC 4.18 [7, 8, 11–19] ,
6H-SiC 4.19 [8, 12, 15, 20–27]
1017cm−3 , cubic ( ) 125.5meV,
hexagonal ( ) 61.4meV , 1017cm−3 ,
N ,
, , Ea
Na
Ea = a− bN
1
3
a (4.1)
, a b (4.1) 4.18
Ea = 125.6− 2.5× 10−5Na1/3meV,
Ea = 64− 1.2× 10−5N1/3a meV , 1× 1019cm−3
4H-SiC N 72.57meV,
37.42cm−3 Ea = 72.57meV (3.35) , 1/kBT = 0.09(1/meV)
x = −2.1, x = −2.7
, N 1/kBT = 1.30(1/meV)
x
6H-SiC x = −2.0
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4.18: 4H-SiC(N)
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4.19: 6H-SiC(N)
4H-SiC(N) N
4.20 4H-SiC(N) , N 1× 1019cm−3
72.57meV (3.35) x
,
74.3meV 50.9meV , 4.18
37.42meV
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4.20: 4H-SiC(N)
( )
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4.21: 4H-SiC(N)
( )
4H-SiC(N) N
4.21 ,
, 80.3meV 42.6meV
6H-SiC(N) 6H-
SiC(N) N
4.22 4.23 6H-SiC(N) , N 5× 1018cm−3
122.96meV
127.9meV 78.4meV,
121.7meV 72.9meV
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4.22: 6H-SiC(N)
( )
0
40
80
120
160
0 10 20 30 40
io
n
iz
a
ti
o
n
 e
n
er
g
y
 (
m
eV
)
voltage(V)
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121.7 meV
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4.23: 6H-SiC(N)
( )
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4.8, 4.9
4.8, 4.9 , 4.18, 4.19
4.8: 4H-SiC(N)
E1 77.4meV 72.57meV
E2 46.8meV 37.42meV
4.9: 6H-SiC(N)
E1 124.8meV 122.96meV
E2 75.7meV 72.09meV
4.8 4H-SiC(N) , E1 = 125.5meV(c
), E2 = 61.4meV(h ) , 4.24 4H-
SiC(N)
4H-SiC(N) ∼ 1019cm−3
, ,
4.8 4H-SiC(N) ,
4.24: 4H-SiC(N)
6H-SiC(N) , 6H-SiC(N) 4H-
SiC(N) , 4.19
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4H-SiC(N)
, 4H-SiC 4H-
SiC
4H-SiC
4H-SiC , 4.9
X 4.10
, , ( ), super–dislocation(
) N 4H-SiC B
p
, ,
,
[28, 29] N
,
, , [3, 30, 31] ,
6H-SiC 4H-SiC
SiC N Bohr aN N NN = 3× 1017cm−3
, aN = 0.8nm−1.5nm, aN = 0.6nm−1.0nm [8]
4.18 4.19 , NN = 3× 1017cm−3
,
1017cm−3 , N
, N 1× 1019cm−3 4H-SiC
5× 1018cm−3 6H-SiC ,
N 4.24
4.18 , 4H-SiC N
47.89meV, 72.57meV
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4.10 , B N
N
B N
B N
, 2.89eV
2.44eV , 4.10 2.67eV(464nm) 2.2eV(550nm)
4H-SiC 6H-SiC
[32] , 4H-SiC 9.7 9.78
[33, 34] Si 11.7 Bohr
, SiC N (2.12) (2.12) En
ǫrǫ0 Si , n , p Si
10MHz , Si
10MHz , [32]
, 4H-SiC , , ,
N 4H-SiC
, , ,
4.11 4.12 ,
,
,
74.3meV 50.9meV, 80.3meV 42.6meV
4H-SiC , 4.13
, freeze–out , Vout/Vin
(bound state shift
model)
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4.13 , 50.9meV 42.6meV , N
1/kBT ≪ 0.25(1/meV)
,
,
,
[35]
SAW , , ,
, , Joule ,
, δs = (2/ωpµ0σ)
1/2 ωp
, µ0 , σ
δs 0.71mm 0.5mm , 4H-SiC
,
,
100MHz , SAW 50MHz 2 ,
, SiC
, , 100MHz
,
(electron depletion) (
) n 4H-SiC 260meV
[36] n 4H-SiC
( ) , 1× 1014cm−2eV−1
100nm , 100mV ,
79
1mm ,
,
, ,
, 70K–300K T4.0
, 100K–700K , N 4H-SiC
T3.0
T
,
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5 1
5.1 1
5.2
1 , CNT
5.1 (MWCNT) MWCNT
1973K SiC
MWCNT TEM 5.1 5.1
, [1] 5.1
, SiC CNT MWCNT
, 3nm–5nm [2]
5.1: MWCNT
MWCNT
SiC
10× 10mm2
0.5mm
MWCNT 40nm–50nm
0.8µm
30–40
90% –95 %
5.1: MWCNT TEM
5.1 , 5.2 , 5.3
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5.2: MWCNT
( )
MATEC model 6600
LTC20C (CONDUCTUS)
54610B (HEWLETT PACKARD)
ARH500 (TAKASAGO)
SW301-KSN ( )
Cryo Mini D105 ( )
PT-150 ( )
RV12 (EDWORDS)
5.3: MWCNT
MWCNT
20K–350K
50MHz, 150MHz, 200MHz, 250MHz, 600MHz
5µm
50MHz, 150MHz, 200MHz, 250MHz, 600MHz MWCNT
5.2 [A.U.],
T [K] , SiC
,
MWCNT 0.8µm , MWCNT SiC
, MWCNT
50MHz, 150MHz, 200MHz 20K 350K
, , (HOPG)
[3]
, 250MHz 600MHz 280K
– 2 ,
,
MWCNT – SWCNT
,
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5.2: MWCNT
Carbon nanotube film
LiNbO3
+ -
p
E||
E
5.3: MWCNT
, MWCNT
5.3
, LiNbO3 p ,
, SAW
E‖ E⊥ E⊥/E‖ ,
5.4 50MHz , E⊥/E‖ = 99 , 600MHz
E⊥/E‖ ∼= 1
5.4: MWCNT
ω 50MHz 150MHz 200MHz 250MHz 600MHz
λ 80µm 27µm 20µm 16µm 6.7µm
E⊥/E‖ 99 3.3 1.9 1.4 1.3
, , MWCNT ,
MWCNT SAW ,
Joule SAW
MWCNT Joule , SAW w ,
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w = 20× log10
(
S0
ST
)
(5.1)
S0 SAW V
in
0 V
out
0
V out0 /V
in
0 , ST T V
in
T V
out
T V
out
T /V
in
T
SAW
w = Aω
σ0
σ
1 +
(
σ0
σ
)2 (5.2)
, σ0 MWCNT , σ = ωǫ ω , ǫ
MWCNT A , MWCNT , SAW
(5.2) MWCNT , σ0 ≫ σ , w
w = Aω
σ
σ0
∝ ω2ρ0 (5.3)
, ρ0 MWCNT
, ρ0 = 1/ωǫrǫ0 ,
250MHz 600MHz 2
50MHz, 150MHz 200MHz
250MHz 600MHz
, HOPG, MWCNT
250MHz 600MHz – ,
, 2 Joule
wt
wt = 2I
2
m
ωRC√
1 + (ωRC)2
(5.4)
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, Im , R ,
C 2 , ω 2
, 50MHz–600MHz ωRC ≪ 1 , Joule
wt ≈ 2I2mωRC
wt Joule , (5.3)
Joule dw/dT ∝ 2I2mωCdR/dT , , dR/dT ,
, HOPG , MWCNT, C60 C70
, 220K 350K
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5.4: HOPG, MWCNT, C60, C70
5.4 HOPG, MWCNT , (5.3) (5.4)
5.4
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6 2
6.1 2
2 ,
YBa2Cu3O7−δ
, YBa2Cu3O7−δ
,
6.2
6.1 ,
Raman 6.1, 6.2
6.1:
SiO2/Si(B)
(SiO2 ) 1000 A˚
(Si(B) ) 500µm–550µm
(Si(B) ) < 20Ωcm
10× 10mm2
5
6.1 , µm
,
6.2 Raman , 1590cm−1 G 2680cm−1
2D G ,
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2D
, G , 2D
3 , 2D
G 5
, 6.2 2D G
6.1: 6.2: Raman
6.1 , 6.2 , 6.3
6.3
[A.U.], T [K]
6.2:
( )
PMC35-3A (KIKUSUI)
33220A (Agilent)
Temperature Controller 331S (Lake Shore)
Infini Vision DSO-X 3052A (Agilent Technologies)
CryoMiniCompressor UW404 ( )
CRT-006-0000 ( )
HiPace 300 (PFEIFER VACUUM)
RV12 (EDWORDS)
SAW
,
6.3 , 100K , 100K
90
6.3:
5
1.0× 10−7Pa
15K–325K
0.5K(15K–100K) / 1K(101K–325K)
50MHz
1V–10V
, , 100K
, 100K , 100K
, H.J.Park , 4
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, [1] , 4
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6.4:
6.3 1/kBT 6.4 Arrhenius ,
E1 =1.66meV,E2 =0.68meV,E3 =0.26meV M.Y.Han
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(Graphene NanoRibbon; GNR) Egap
[2] M.Y.Han Egap
Egap =
αc
W +W ∗
(6.1)
, αc , W GNR , W +W
∗
, W ∗ W
M.Y.Han αc 0.2eVnm–1.5eVnm (6.1) Egap
E1, E2, E3 , αc M.Y.Han (0.2 + 1.5)/2 = 0.65
W +W ∗ , 392nm, 956nm, 2.50µm 5
, ,
5 , X
392nm–2.50µm
6.3 YBa2Cu3O7−δ
YBa2Cu3O7−δ 6.4
6.4: YBa2Cu3O7−δ
YBa2Cu3O7−δ
MgO
370nm
10× 10mm2
, YBa2Cu3O7−δ X 6.5 , SEM 6.6, 6.7
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6.5: YBa2Cu3O7−δ X
6.6: YBa2Cu3O7−δ SEM 6.7: YBa2Cu3O7−δ SEM
3.1 SAW 20mm , SAW
60nF SAW
4× 10−5C/cm2 SAW
, YBa2Cu3O7−δ
YBa2Cu3O7−δ 0.83nm
, YBa2Cu3O7−δ 3× 1021cm−3
93
YBa2Cu3O7−δ Joule w
w = −
log
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6.8: YBa2Cu3O7−δ (
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